I Morphine had primary excitatory effect on the basal spontaneous neuronal activity within thalamocortical pain network. I Morphine altered the resting activity of lateral and medial pain pathway neurons in distinct ways. I Morphine inhibited the correlated neuronal activity between and within both pain pathways. Numerous studies indicate that morphine suppresses pain-evoked activities in both spinal and supraspinal regions. However, little is known about the effect of morphine on the basal brain activity in the absence of pain. The present study was designed to assess the effects of single-dose morphine on the spontaneous discharge of many simultaneously recorded single units, as well as their functional connections, in the lateral pain pathway, including the primary somatosensory cortex (SI) and ventral posterolateral thalamus (VPL), and medial pain pathway, including the anterior cingulate cortex (ACC) and medial dorsal thalamus (MD), in awake rats. Morphine (5 mg/kg) was administered intraperitoneally before the recording. Naloxone plus morphine and normal saline injections were performed respectively as controls. The results showed that morphine administration produced significant changes in the spontaneous neuronal activity in more than one third of the total recorded neurons, with primary activation in the lateral pathway while both inhibition and activation in the medial pathway. Naloxone pretreatment completely blocked the effects induced by morphine. In addition, the correlated activities between and within both pain pathways was exclusively suppressed after morphine injection. These results suggest that morphine may play different roles in modulating neural activity in normal vs. pain states. Taken together, this is the first study investigating the morphine modulation of spontaneous neuronal activity within parallel pain pathways. It can be helpful for revealing neuronal population coding for the morphine action in the absence of pain, and shed light on the supraspinal mechanisms for preemptive analgesia.
Introduction
Morphine is commonly used to treat severe pain in clinical practice. Although a number of studies have investigated morphine analgesia in peripheral and spinal nervous tissue, less has been studied at the supraspinal level. In recent years, there has been an increasing interest in the supraspinal antinociceptive mechanism of morphine. Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) scan studies in rats have shown that systemic injection of morphine reduced formalin paininduced cerebral metabolic increases in the anterior cingulate cortex (ACC), the primary somatosensory cortex (SI), frontal cortex, and thalamus [16] . Additionally, morphine-induced decrease in glutamate concentrations has been observed in the ACC and 0304-3940/$ -see front matter © 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.neulet.2012.07.032 ventral posterolateral thalamic nucleus (VPL) in naïve rats [5] or rats with inflammation [1] . Using multiple single unit recordings, recent studies have demonstrated similar results that morphine can inhibit noxious-evoked neuronal responses of higher brain centers including the ACC, SI, VPL thalamus, and medial dorsal thalamus (MD) [2, 17] .
In contrast to the large amount of information available on the morphine-mediated antinociceptive mechanism [2, 4] , little is known about the effect of single-dose morphine administration on the spontaneous brain activity in the absence of pain. It has been established that pre-injury injection of morphine produces preemptive analgesic effects in postoperative patients as well as in experimental pain models [10, 15] . Thus, instead of relieving ongoing pain, the preemptive analgesia takes its effect through changing the basal activity of central network. Investigating the effects of morphine on the basal neuronal activity at supraspinal level will provide important new insights into the mechanism of preemptive analgesia.
In the present study, we recorded the neuronal activity within thalamocortical circuits in rats using a multichannel single unit recording technique. We specifically focused on four brain regions in the lateral and the medial pain systems, including the SI, ACC, VPL, and MD, to assess the effects of single-dose morphine on the spontaneous discharge of single units as well as the functional connections between these regions.
Materials and methods

Animals and surgery
The experiments were carried out on ten male Sprague-Dawley rats weighing 300-350 g. Animals were housed individually under a 12:12 h reversed light/dark cycle (light on at 7:00 PM) and were allowed to food and water ad libitum. Rats were handled twice a day and were acclimatized to the experimental apparatus for 30 min before each recording procedure. Experiments were conducted in accordance with the Institutional Review Board for Animal Care and Use of the Institute of Psychology, Chinese Academy of Sciences.
Animals were anesthetized by intraperitoneal injection of ketamine (100 mg/kg, i.p.). After deeply anesthesia, rats were mounted to a Kopf stereotaxic apparatus in a flat skull position. The microelectrode arrays were cemented to the skull using six anchoring screws and dental cement. Penicillin (60,000 U, i.m.) was injected before surgery to prevent infection. All rats were given at least a 1-week recovery period before electrophysiological recording began.
Electrophysiological recording
For neuronal signal recordings, rats were placed in a plastic chamber (44 cm × 44 cm × 44 cm) in a quiet room maintained at 22 ± 1 • C and allowed to move freely during the entire recording session. Extracellular signal were acquired by the chronically implanted microwire assemblies which are connected to a preamplifier via a headstage plug and two light-weight cables. The outputs of the preamplifier were filtered (0.5 and 5 kHz, 6 dB cutoff) and sent to a multichannel spike-sorting device (Biographics, Inc.) for online signal processing. Single units were isolated by setting multiple time-voltage windows using a PC-based software Magnet (Biographics, Inc.). Time stamps of these waveforms and the occurrence of treatment were then stored on a personal computer for off-line analyses. Graphical capture of waveforms, inter-spike interval histograms and autocorrelograms were used to validate the on-line sorting of single units.
Drugs and procedure
All rats received two experimental sessions: a morphine injection session (n = 10) and a saline (n = 6) or naloxone plus morphine (n = 4) injection session. The order of injections was balanced across animals, with an interval of at least 2 days between different injections. The neuronal activities were recorded continuously for 75 min (−15 min ∼ 60 min) before and after the drug administration.
Morphine hydrochloride (purchased from Qinghai Pharmaceutical Factory Co., Ltd., China) was dissolved in normal saline (5 mg/ml) and injected intraperitoneally with a dose of 5 mg/kg. Naloxone hydrochloride (4 mg/kg, Sigma) was given intraperitoneally 10 min prior to the administration of morphine.
Data analysis
Discharges of each neuron were calculated in 20-s bin, and analysis program NeuroExplorer (Plexon, Dallas, TX, USA) was used to construct peri-event time histograms with a time range from 15 min before to 60 min after morphine administration. Then the data was exported to Matlab in spreadsheet. Firing rates in each bin were transferred to z scores according to the following formula: z = (x − m)/s, where x is the raw firing rate in the given bin, and m and s are the mean and deviation of pre-treatment basal firing rates. An increase or decrease of firing rates in a given bin over two-fold deviation of the baseline for at least five successive bins was detected as excitatory or inhibitory response. The percentage of neurons with excitatory or inhibitory response over the entire observation period was counted. Cluster analysis (k-means, SPSS) was used to sort the neuronal response patterns according to the similarities of the normalized firing rates (z scores).
Cross-correlation histograms were used to evaluate the correlation of neuronal activities with a time lag. One pair of neurons was selected, with one neuron as the reference neuron and the other as the target neuron. The time of occurrence of spikes from the reference neuron was set at 0 s and the target neuron's firing 0.5 s before and after the reference neuron's spike was plotted using 5-ms bin size. The significance level of the cross-correlograms was tested using 95% confidence level in the Nex program. Only peaks beyond 95% confidence limit for at least five successive bins were considered significant. Chi-square tests were used to detect the difference in percentage of correlated neuronal pairs between different treatments.
Histology
After termination of the experiment, rats were overdosed with ketamine. The recording sites were marked by electrophoretically deposited iron (10-20 A DC current, 10-20 s duration, anode current) at the tips of selected wires. Animals were perfused through the heart with the solution of 5% potassium ferricyanide/4% paraformaldehyde. Then the brain was sectioned at 40 m in the coronal plane. The sections were mounted on glass slides and observed under a light microscope. The markings of recording sites were easily identified as blue dots. 
Results
Effects of morphine on the spontaneous activity of single neurons
The numbers of simultaneously recorded neurons were depicted as follows: a total of 280 neurons in morphine-injected rats (80 ACC, 70 MD, 76 SI, 54 VPL), 161 neurons in NS-injected rats (47 ACC, 41 MD, 43 SI, 30 VPL), and 101 neurons in naloxone plus morphine-injected rats (31 ACC, 22 MD, 28 SI, 20 VPL).
Cluster analysis revealed the response patterns of the cortical and thalamic neurons to morphine administration. As shown in Fig. 1A , morphine resulted in alternations of spontaneous activity in 37.4% of the recorded neurons (C1-C3). About 23.2% of neurons (C1) exhibited delayed excitatory responses, which started 10 min after morphine injection and lasted to the end of the observation period (60 min). In contrast, only 14.2% of neurons (C2 and C3) displayed inhibitory responses, with 3.2% responding immediately and persistently (C2) while 11.1% showing transient inhibitory responses that lasted no longer than 15 min (C3). No significant changes were found in the NS-treated condition (Fig. 1B) . Naloxone, as a mu-opioid receptor antagonist, blocked the morphine-induced alterations in the spontaneous neuronal activity (Fig. 1C) , leaving very few neurons with discrete excitatory responses. The population responses and single-neuron examples for each cluster and different treatments were illustrated in Fig. 1D .
Sorting neurons in each area according to clusters showed a difference in the morphine-induced neuronal responses among different brain areas ( Fig. 2A) . Neurons that increased their firing rates following morphine treatment were mainly found in the lateral pain pathway (SI cortex and VPL thalamus). Interestingly, the medial pathway (ACC and MD) neurons showed both inhibitory and excitatory responses to morphine administration. Fig. 2B illustrated the percentage of neurons presenting inhibitory and excitatory responses over time. For the medial pathway (ACC and MD) neurons, inhibitory response was dominant within the first 15 min while excitatory response became evident in the 15-60 min. By contrast, the lateral pathway (SI and VPL) neurons exhibited exclusively excitatory responses during the whole 60-min observation period (Fig. 2B) . These results suggest that morphine alter the resting activity of lateral and medial pathway neurons in different ways.
Changes in the functional correlations between recorded regions
The cross-correlation analysis revealed the changes in correlated activity between neuronal pairs within the parallel pain pathways (Table 1) . Morphine administration significantly weakened the thalamo-cortical functional connection within both pain pathways as compared with NS treatment (23.0% vs. 35.8% for SI-VPL correlation, P = 0.011; 1.3% vs. 5.6% for MD-ACC correlation, P = 0.011; see Table 1 ). In addition, the correlated neuronal activity between the medial and lateral thalamic nuclei (3.7% vs. 16 .6% for MD-VPL correlation, P < 0.001) was also diminished by the single dose of morphine. Fig. 3 shows examples of cross-correlograms constructed between ACC and MD neuronal pairs during the morphine or NS sessions. 
Histological localization of recording sites
The recording sites were labeled by the iron deposits at the tips of selected microwires (Fig. 4) . Electrophysiological data from electrodes that missed the targets were excluded from the analysis.
Discussion
The current study was undertaken to investigate the morphine modulation of basal neuronal activity within the lateral and medial pain systems. The main findings of this study were that: (1) morphine had both increased and decreased effects on the resting neuronal activity in the parallel pain systems, with primary activation in the lateral system while inhibition and activation in the medial system; (2) morphine administration inhibited the correlated neuronal activity between and within both pain pathways.
It is well accepted that one of the mechanisms underlying morphine analgesia owes to the suppression of central neural responses to noxious stimulation. In the present study, we found that morphine induced almost exclusive activation in the sensory pathway. In other words, in contrast to the entire decrease in nociceptiveevoked neural responses under morphine analgesia, the effect of morphine on the resting neuronal activity was predominantly excitatory. Several lines of studies have elucidated the activation of morphine in the sensory pathway. For instance, increased BOLD signal in the SI and thalamus after remifentanil injection were observed in healthy humans [8] . Animal studies also showed that morphine alone produced an increase in cerebral glucose utilization of SI [14] , and microinjection of morphine into SI enhanced the local spontaneous neural activity [6] .
However, the neural basis and physiological implications are still unknown for the excitatory effect of morphine on the sensory thalamocortical neurons. One possible explanation is the disinhibition of sensory neurons via inhibition of GABAergic interneurons by morphine. Many in vitro and in vivo studies have shown that opiates and opioid peptides suppressed basal extracellular GABA release in regions such as cerebral cortex [9] . There is a hypothesis that the response of a population of neurons in a network is dependent not only on the characteristics of the external stimulus but also on the dynamic changes in the internal state of the network [3] . Thus, it is possible that the alternation of basal neuronal activity by morphine may interfere with the patterns of neuronal response to the incoming nociceptive inputs. Further more, cortical activation induced by morphine may lead to suppressed spinal sensory transmission via descending modulation [6] .
The present study also found a dual role of morphine in the medial pathway, suggesting an even more complicated mechanism. The medial pain pathway has been considered to be implicated in analgesia besides its role in processing pain unpleasantness [13] . Opioid receptors are found more prominent within the medial thalamic nuclei and the cingulate gyrus than within the lateral structures [19] . The morphine-induced activation may be limited to the neurons related to antinociceptive response, whereas inhibition occurs in neurons involved in pain processing. Nevertheless, our data contrast with some other studies which reported that morphine alone had no effect on both the spontaneous neuronal activity [20] and c-fos mRNA expression in the medial thalamus [12] . The inconsistency may be due to the methodological differences, such as awake vs. anesthetized rats or intravenous vs. intraperitoneal administration, among these studies.
Although morphine caused predominantly excitatory effect on the basal neuronal activity in the lateral and medial pathways, the correlated neuronal activity between and within both pathways was reduced following morphine injection. The decreased correlation suggests that morphine inhibit the synchronous activity within thalamocortical pain network. Enhanced synaptic transmission in ACC [18] and changes of synaptic structure in SI [7] have been observed in the experimental models of inflammatory and neuropathic pain. The fact that morphine and opioids suppressed glutamate release supports the role of morphine in blocking the formation of long-term potentiation (LTP) [11] . Given the fact that morphine pretreatment before surgery can significantly reduce post-surgery pain (i.e., preemptive analgesia) in the clinical settings, the morphine-induced inhibition of synaptic transmission may be a plausible explanation for this effect.
In summary, this is the first study using multiple single neuron recordings to investigate the morphine modulation of neuronal activity within parallel pain pathways in the absence of pain. The results showed that morphine had primary excitatory effect on the basal spontaneous neuronal activity while inhibitory effect on the inter-neuron correlations within thalamocortical pain network. This study may improve our understanding of morphine action, and shed light on the supraspinal mechanisms for the preemptive analgesia.
